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ChromalveolatesTaming a cyanobacterium in a pivitol event of endosymbiosis brought photosynthesis to eukaryotes, and
gave rise to the plastids found in glaucophytes, red and green algae, and the descendants of the latter, the
plants. Ultrastructural as well as molecular research over the last two decades has demonstrated that plastids
have enjoyed surprising lateral mobility across the tree of life. Numerous independent secondary and tertiary
endosymbiosis have led to a spread of plastids into a variety of, up to that point, non-photosynthetic lineages.
Happily eating and subsequently domesticating one another protists conquered a wide variety of ecological
niches. The elaborate evolution of secondary, or complex, plastids is reﬂected in the numerous membranes
that bound them (three or four compared to the two membranes of the primary plastids). Gene transfer to
the host nucleus is a hallmark of endosymbiosis and provides centralized cellular control. Here we review
how these proteins ﬁnd their way back into the stroma of the organelle and describe the advances in the under-
standing of the molecular mechanisms that allow protein translocation across four membranes. This article is
part of a Special Issue entitled: Protein Import and Quality Control in Mitochondria and Plastids.
Published by Elsevier B.V.1. The history of complex plastids
Endosymbiosis of a cyanobacterium and a heterotrophic eukaryote
gave rise to primary plastids (Fig. 1). In much the same way the
engulfment and subsequent domestication of an algal cell by another
eukaryote resulted in the formation of complex plastids. There is now
a broad consensus that primary plastids, found in the three lineages
glaucophytes, red algae and green algae (from which land plants have
developed), are monophyletic [1–4]. In contrast, multiple independent
endosymbiotic events led to the formation of complex plastids.
Chlorarachniophytes and euglenoids independently acquired green
algal symbionts, which gave rise to their complex plastids (Fig. 1) [5].
Chlorarachniophytes are single celled algae, some are entirely photosyn-
thetic while others are mixotrophic and also ingest smaller organisms
[6]. Euglenoids are mostly unicellular ﬂagellated protists, with an even
more divergent range of feeding habits: while many have plastid and
are photosynthetic, others are phagotrophic, and some have no trace of
plastids or have lost photosynthesis but retain a colorless plastid with a
reduced genome [6].
The complex plastid found in haptophytes, cryptomonads,
heterokonts, dinoﬂagellates and apicomplexans, is of red algal origin
[7]. While these algal taxa represent a wide diversity of nutritional
modes and of cell types and structures, together they compose the
eukaryotic superphylum chromalveolates [7]. The chromalveolateImport and Quality Control in
en@uga.edu (B. Striepen).
.V.hypothesis suggests that a single endosymbiosis with a red alga gave
rise to all these lineages [7]. Numerous studies have put this hypothesis
to the test and, while there is signiﬁcant support for its broad concept,
some of the details remain the source of debate (reviewed in ref. [8,9]).
The common origin of heterokonts, cryptophytes and haptophytes
[5,10,11] is strongly supported by their plastid gene phylogenies. Such a
relationship was initially not obvious for apicomplexans and dinoﬂagel-
lates, as their plastid genomes are highly divergent. The substitution of
apicomplexans cyanobacterial-type plastid glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) with a duplication of a eukaryotic GAPDH [12]
argues in favor of the afﬁliation with chromalveolates. A similar duplica-
tion and takeover of the eukaryotic gene occurred in the case of fructose
bisphosphate aldolase (FBA), this likely happened at amuch earlier point,
before the split of the red and green algal lineages [13]. However,
chromalveolates share a distinct type of FBA that is now targeted to
their plastids [13]. The recent discovery of a closely related yet still
photosynthetic sister of Apicomplexa, Chromera velia [14], provided
additional insights. The sequence of the plastid genome of Chromera
enabled the demonstration of the phylogenetic link between the
plastids of apicomplexans, dinoﬂagellates, and heterokonts [15].
New sequence data for the haptophyte Emiliana huxleyi prompted
Felsner and coworkers to analyze the phylogeny of certain protein
transport systems (more detail below). Their analysis is consistent
with a monophyletic rhodophyte origin to the chromalveolate plastid.
Surprisingly, other aspects of their study focused on a related host
system localized to the endoplasmic reticulum linked cryptophytes
and haptophytes with the green lineage [16]. The latter observation
and other studies [17,18] point to the possibility of host polyphyly
among chromalveolates sub groups. One explanation may be that
Fig. 1. Schematic ﬂowchart representing the evolution of complex plastid. A single endosymbiosis event gave rise to the primary plastids found in red and green algae and in
glaucophytes. At least three separate events of secondary endosymbiosis gave raise to the complex plastids found in clorarachniophytes, euglenoids (green path) and in members
of the chromalveolate superphylum (red path). Representative organisms for each of the resulting lineages are depicted as schemes and their corresponding cellular morphology is
outlined. P, plastid; Number, number of plastid membranes; N, nucleus; Nm, nucleomorph; G, Golgi apparatus; ER, endoplasmic reticulum. White arrows mark the pathway taken
by nuclear/nucleomorph encoded proteins to the complex plastid in each organism. * Note that in dinoﬂagellates there is evidence for several independent secondary and tertiary
endosymbioses that are not shown here. These involved green algal, haptophyte, diatom and cryptomonad symbionts. See ref. [88] for further reference to this fascinating
complexity.
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more than once, leading to a potentially more complex model of the
origin of chromalveolates [16].2. Complex plastids have numerous compartments of
divergent origin
The evolution of plastids, both primary and secondary, goes hand
in hand with the progressive loss of structural characters of the sym-
biont. These are previously served functions that are now taken over
by the host. In the case of the algal endosymbiont this loss includes
organelles associated with secretion such as the endoplasmic reticulum
(ER), the Golgi, and energy metabolism, like the mitochondrion and
peroxisome. In most lineages the algal nucleus is also lost, however
note that there are some highly informative exceptions that will be
discussed below. In most cases, all that remains is the ancient primary
plastid surrounded by its two membranes as well as one or two addi-
tional membranes around it.
Uptake of the algal cell into a vacuole of the host's endomembrane
system likely represented the initial step of secondary endosymbiosis
[19–21] (Fig. 2A). Therefore the outermost membrane (OMM) of com-
plex plastids with four membranes is likely of host endomembrane
origin. In fact, in haptophytes, cryptomonads and heterokonts the
outer membrane is continuous with the ER and the nuclear envelope
(Fig. 1). The next membrane, the periplastid membrane (PPM), bounds
the periplastid compartment (PPC). This compartment is the remainder
of the algal cytoplasm and the PPM is likely a derivative of the algal
plasmamembrane. Finally, the two innermost membranes are thought
to be equivalent to the two envelope membranes of the original algal
chloroplast. Tight physical apposition between these two membranes,reminiscent of the original chloroplast, was observed in electron tomo-
grams of secondary plastids [22].
It should be noted that there are complex plastids that are bound by
only threemembranes. This is the case formost photosynthetic dinoﬂa-
gellates, and also for the green plastids of phototrophic euglenoids [7].
Some authors have suggested that this is a consequence of the route
of uptake, in particular the use of myzocytosis, a specialized feeding
strategy used by dinoﬂagellates and euglenoids. During myzocytosis
the predator attaches to its prey cell without engulﬁng it and sucks its
cellular contents into a digestive vacuole leaving behind the emptied
wall and plasma membrane of the prey organism (reviewed in [23]).
An alternative model suggests more conventional endocytosis followed
by the loss of either the membrane of the food vacuole, or the algal
plasma membrane [24].
3. Plastid proteins by and large are encoded in the nuclear genome
The transition from endosymbiont to organellewas accompanied by
massive gene transfer from symbiont to host [25]. This is equally true
for primary and secondary endosymbioses. This allows centralized
control over metabolic function and inheritance. While in most
cases the endosymbiont's nuclear genome has been lost entirely, in
cryptomonads and chlorarchniophytes, a remnant of the algal nucleus,
the nucleomorph, was retained in the PPC [26,27]. The nucleomorph
genomes of both groups are highly reduced. Interestingly, despite their
independent origin, the nucleomorph genomes of cryptomonads and
chlorarachniophytes share a core of conserved genes suggesting a similar
overall route of progressive reduction [28].
All plastids, primary and secondary, have maintained an organellar
genome localized to the stroma (lumen) of the organelle, these ge-
nomes vary in size and complexity. The non-photosynthetic plastid of
Fig. 2. The origin of plastid membranes and the translocons that allow proteins to cross them. (A) Schematic outline of the acquisition and evolution of a complex plastid (using the
apicoplast as an example). An algal cell (blue) carrying a chloroplast (red) is taken up into the endomembrane system (gray) of a protist host (pink). Co-adaptation lead to the
establishment of complex protein import systems across each membrane allowing for a stable endosymbiotic relationship driven by massive gene transfer. P, Plastid; N, nucleus;
Nm, nucleomorph. (B) Schematic outline of the protein import pathways of complex plastids of the red lineage (color coding for origin matches panel A, note that this only partially
reﬂects systems in the green lineages). Question marks highlight elements that have not been experimentally validated or where the direct molecular function of a given protein
remains to be established. *Note that Der1 is only one of several proteins that are considered candidates for the actual pore of the translocon, we only show one hypothesis for
simplicity. Cargo proteins are shown as gray lines and proteins destined for degradation as dashed lines. PPC, the periplastid compartment.
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which all that remained from an ancestral genome of a photosynthetic
plastid are 35Kb, essentially all of the genes are concerned with tran-
scribing and translating the genome [29]. Regardless of size, all plastid
organellar genomes encode a number of proteins that appears to be
much smaller than the proteome size required for a fully functional
organelle. In the extreme case of the apicoplast of Plasmodium
falciparum, 32 protein encoding genes are found in the organelle ge-
nome, however the entire organellar proteome is predicted to include
about 450proteins [30]. As organellar proteins are encoded in thenucleus
and translated on cytosolic ribosomes, there is an obvious need for signif-
icant protein import across the organelle's numerous membranes. The
developing picture describing this route is one of evolutionary spatial
conservatism. The signals and machinery required for the journey
through each of the compartments of the complex organelle largely
originate from the very organism that gave rise to the compartment
during the organelle's evolution (Fig. 2B).
4. Signals for organellar targeting
Accurate trafﬁcking of nuclear encoded proteins to the stroma of
primary plastids is controlled by a characteristic N-terminal signal se-
quence named the transit peptide (TP). Many of the proteins of the
outer compartments insert into themembranewithout such a targeting
peptide. The transit peptide shows no strict consensus sequence, but is
characterized by common features such as a positive net charge and ahigh frequency of hydroxylated amino acids (reviewed in ref [31]).
Similarly, most nuclear encoded proteins destined to complex plastids
studied to date possess an N-terminal signal, named the bipartite
targeting signal [32]. In accordance with the need to traverse one
or two additional membranes, these peptides contain an additional
element, a sequence equivalent to the signal peptide (SP) of secretory
proteins. The journey thus commences with entry to the secretory sys-
tem, likely by the mechanism described for a large variety of secretory
proteins: courtesy of the Sec61 translocon [33]. The SP element in the
bipartite leader peptide has been studied in detail for proteins that tar-
get to the apicoplast (the non-photosynthetic plastid of apicomplexan
parasites). The signal was shown to be sufﬁcient to guide reporter
proteins to the secretory system [30,34–36]. The sequence can be
replaced with a canonical SP from a secretory protein, this chimera
still confers plastid targeting of a reporter [37]. The SP is likely re-
moved cotranslationally [38]. These ﬁrst steps occur rapidly and
may conclude before the synthesis of a full-length protein is concluded
[38]. As a result of SP cleavage the TP is exposed and available to lead
the rest of the way. Once the protein has reached the stroma the TP is
proteolytically cleaved like the SP before [38]. Pulse-chase measure-
ments in Apicomplexa showed that it takes 45–60 minutes from
the moment of translation to TP removal [38]. A homolog of the
plant chloroplast transit peptide peptidase was identiﬁed in the nuclear
genome of the apicomplexans T. gondii and P. falciparum and proposed
to execute this cleavage [38,39]. Interestingly, the TP elements of complex
plastid proteins from apicomplexans and cryptophytes were shown to
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cryptomonads peptide was substrate for the pea stromal processing
peptidase [40].
The primary sequence of the apicoplast TP is not conserved, yet
several features reminiscent of the plant chloroplast TP have been
noted [30]. In apicomplexans it was demonstrated that an overall
positive charge is essential for targeting to the apicoplast lumen,
while the position of the positively charged amino acids in the TP
can vary [30,41,42]. In addition, the compartmentalization of complex
plastids imposes the need for speciﬁc signals to discriminate between
proteins that continue all the way to the stroma from those that home
to the outer compartments. The minute size of the apicoplast and the
proximity of its four membranes have been a challenge to the study of
these signals in Apicomplexa. However, in diatoms intermediates that
are transported across only one or two of the four plastid membranes
can be discriminated from those imported across all four, and studies
in the model system Phaeodactylum tricornutum revealed a complex
set of signals [43]. It was shown that the positive net charge of the
TP is important to cross the two innermost membranes, and required to
cross the second outermostmembrane into the PPC [44]. Negative char-
ges in the TP were shown to inhibit entry into the PPC of diatoms [44],
but in contrast are required for PPC targeting in chlorarachniophytes
[45]. This may represent a fundamental difference in these pathways
originating fromdifferent algal lineages. In diatoms and in cryptophytes
the presence of a speciﬁc residue, a highly conserved aromatic amino
acid at position +1 of the TP, is crucial for import into the lumen, and
the lack of this residue results in PPC residence [43,46,47]. Finally, it was
shown that the sequences outside of the TP e.g. within the N-terminal
part of the mature protein can contribute to the correct targeting of
certain proteins [44].
N-terminal leader sequences have also been characterized for the
proteins targeting to the threemembrane bounded plastids of euglenoids
and dinoﬂagellates. Bioinformatic analyses in euglenoids revealed two
classes of plastid targeted proteins. In addition to thosewith bipartite sig-
nals there are those with tripartite leaders. In the latter, a third, usually
hydrophobic, domain is present that acts as a stop transfer signal
and allows the protein to be transported as an integral membrane
protein [48]. This model is in agreement with earlier experimental
evidence from Euglena [49,50]. A recent study identiﬁed short introns
within regions encoding the complex presequences of Euglena plastid
proteins [51]. This likely indicates the involvement of introns and
exon-shufﬂing in the acquisition of these targeting signals [51]. Inter-
estingly, dinoﬂagellate plastid proteins feature leader sequences similar
to those of Euglena [52,53] indicating a potential link to the three-
membrane topology of these plastids.
While most proteins destined to complex plastids are led by their
N-terminal sequence, some proteins seem to possess a non-canonical
targeting signal. Several examples have emerged recently from
Apicomplexa. Among those are apicoplast proteins that lack a signal
peptide at the immediate N-terminus but rather show a recessed
hydrophobic patch [54–56]. Apicoplast proteins with multiple
membrane spanning domains also often lack an obvious signal peptide
[57–61].
5. The long way in—multiple translocons for multiple membranes
5.1. The two innermost membranes
In primary chloroplasts protein import is mediated by two protein
complexes, the translocon of the outer chloroplastmembrane (Toc) and
the translocon of the inner chloroplast membrane (Tic) (Fig. 2B). These
were deﬁned in the plant chloroplast, and are composed of numerous
proteins, someofwhich are likely derived fromproteins alreadypresent
in the cyanobacterial ancestor (see [31] for a thorough review). In
agreement with their proposed algal chloroplast origin, the two inner
membranes of complex plastids seem to rely on Tic and Toc derivates(reviewed in [62] and below). The identiﬁcation of homologs of their
components in the nuclear genomes of organismswith complex plastid,
as well as in the nucleomorph genomes, support this notion: On the
green side, the genome of the chlorarachniophyte alga Bigelowiella
natans encodes homologs of at least six Tic components (TIC21/22/32/
40/55/62, [63]) whose products join the Tic20 homolog encoded in its
nucleomorph [64]. This model is supported by ﬁndings from the
red lineage as well. Tic components were found to be encoded in
the nucleomorph of the cryptophyte Guillardia theta [65] and in the
nuclear genomes of several apicomplexans [62,65,66].
Themost extensively characterized among these is a T. gondiihomolog
of Tic20. In the plant chloroplast Tic20 is an integral membrane protein
involved in facilitating protein transport through the inner membrane
[67,68]. Van Dooren and coworkers, conﬁrmed that TgTic20 is an inte-
gral membrane protein of the apicoplast, and demonstrated its speciﬁc
localization in the inner most membrane using split-GFP reporters [69].
They further generated a conditional mutant of TgTic20, showing that
this gene is essential for T. gondii survival, and demonstrated its involve-
ment in protein import in vivo using pulse-chase import assays [69]. A
second putative component of the apicomplexan Tic complex, the solu-
ble protein Tic22, was localized to the apicoplast of P. falciparum [70]. In
T. gondii TgTic22 also encodes apicoplast localized proteins and its loss
results in a phenotype comparable to that observed for TgTic20 (Giel
van Dooren, Swati Agrawal and Boris Striepen unpublished). Interest-
ingly, a homolog of ClpC (Hsp93), a stromal chaperone component of
the Tic complex, is encoded on the apicoplast genome both in P.
falciparum and T. gondii [29,71]. Addressing the potential role of ClpC
in import (or as a peptidase) awaits the development of tools for genetic
manipulation of the organellar genome.
Two critical components of the Toc complex in plants are the recep-
tor protein Toc34 and the pore in the outer chloroplast membrane,
Toc75 [31]. A Toc34 was identiﬁed in the genomes of green, red
and secondary plastid containing algae of the red lineage [65]. In con-
trast, neither a Toc34 homolog, nor a homolog of the conserved cargo
receptor, Toc159, was found in the genome of the chlorarachniophyte
B. natans [63]. Interestingly, two proteins with similarity to Toc75
were found in this organism [63]. One is encoded on the nucleomorph
genome [64], and a second, most similar to the cyanobacterial Omp85,
is encoded in the nuclear genome [63]. The role of this second pore
and its potential correlation with the absence of a receptor are unclear
at this point. The search for Toc75 homologs in the genomes of organ-
isms with complex plastids of the red lineage was more challenging,
and an initial hypothesis was put forward that it might have been lost
and replaced with another translocon [72][73]. Recently however,
Bullmann and coworkers identiﬁed a homolog of Omp85 in the genome
of the diatom P. tricornutum [74]. This gene is phylogenetically afﬁliated
with the Toc75 group and encodes a proteinwith a bipartite signal [74].
Bullmann and coworkers demonstrated experimentally that PtOmp85
can act as a pore, and that it shares biochemical characteristics
with plant the Toc75 [74]. Finally, this work has shown that both
the N- and C- termini of PtOmp85 face the PPC [74]. This observa-
tion is consistent with a recent study showing that proteins of the
chloroplast Omp85 family have changed their orientation as com-
pared to their bacterial ancestors to present their polypeptide-
transport‐associated (POTRA) domain to the cytoplasm [75](or
the PPC in the case of complex plastid). This way, the POTRA do-
main, whose afﬁnity to precursor proteins is high, can take part
in the perception of the targeting signal [75]. Homologs of the
Phaeodactylum Opm85 are also found in the genomes of Plasmodi-
um and Toxoplasma [62,74] and our preliminary studies indicate
that loss of this protein in Toxoplasma results in a pronounced
apicoplast protein import defect (Agrawal, Brooks, Sheiner and
Striepen unpublished).
Taken together, these observations make a compelling case for TIC
and TOC derived translocons as mechanisms to cross the two inner-
most membranes of the secondary plastids.
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The PPM is thought to be derived from the plasma membrane of
the algal endosymbiont, and establishment of protein import across
this membrane was a critical early step in endosymbiosis [7]. The se-
quence of the cryptophyte G. theta nucleomorph genome revealed the
crucial clue to the discovery of themachinery that breaches this barrier
[76]. This genome encodes core elements of the endoplasmatic reticu-
lum associated degradation (ERAD) system [76], this is despite the
fact that an ER compartment was not reported in the PPC. Typically
ERAD is responsible for retro-translocation of miss-folded proteins
across the ER membrane into the cytoplasm, which is then followed
by degradation by the proteasome [77]. Sommer and colleagues put for-
ward the hypothesis that in cryptophytes the ERAD translocon had been
retooled to import proteins into the PPC [76] (Fig. 2B). Consistent with
this hypothesis it was found that other organisms with complex red
plastids (but no nucleomorph) have duplicate sets of genes encoding
ERAD components in their nuclear genome [16,54,70,76,78].
Several elements of the symbiont's ERAD machinery have been
characterized to date. These include the membrane protein Der-1,
the AAA-ATPase Cdc48, and its cofactor, Ufd-1. In yeast and human
cells ER-Der-1 is essential for the retro-translocation to occur, and it
was hypothesized that it forms the translocation channel [79]. Recent
data suggested it may aid the interaction with the E3 ubiquitin ligase
(Hard1p) (reviewed in ref. [77]).
The three ERAD core proteins localize to the periphery of complex
plastids andmore speciﬁcally to their PPMs and PPCs. This was shown
using a variety of light and electron microscopy approaches in the
apicomplexan T. gondii, the diatom P. tricornutum, and the haptophyte
E. huxelyi [16,54,80]. Agrawal and colleagues generated a conditional
mutant of the apicoplast Der1 [54]. Removal of Der1 results in ablation of
apicoplast protein import, as measured using a variety of biochemical
assays demonstrating a direct role of the ERAD system in import [54]
and validating the initial hypothesis by Sommer and colleagues [76].
Importantly, the apicoplast ERAD machinery is derived from the ERAD
system of the symbiont and does not represent a duplication of the host
system [16,54]. This observation is consistent with a symbiosis model
under which the symbiont actively engaged the host by granting access
to host synthesized proteins through modiﬁcation of its membranes.
In the ER, proteins retro-translocated by the ERAD system are
marked for degradation by conjugation of ubiquitin resulting in
poly-ubiquitin chains [81]. This appears to occur once the protein is
on the cytoplasmic side of the ER membrane. Cdc48 then extracts
these substrate proteins from the pore with the help of its cofactors,
the Ufd-1–Npl4 complex [79]. This ERAD-associated ubiquitination
is critical not only for the subsequent degradation of the protein but
also appears critical to the translocation step across the ER membrane
itself [77]. Consistent with this, deletion of the Ufd-1 amino terminus,
known to bind polyubiquitin, results in disruption of protein translo-
cation across the ER membrane in yeast [82,83]. Moreover, for degra-
dation of ER-lumen proteins, ubiquitination alone seemed sufﬁcient
to mark extraction by Cdc48, as overexpression of the yeast ubiquitin
E3 ligase, Hard1p, can bypass the need of other ERAD components
such as Der1 [84].
This ubiquitin dependent translocation model may apply also to
complex plastids of the red lineage: a series of putative ubiquitination
enzymes was shown to target to the complex plastid of Apicomplexa
and diatoms or to contain presequences likely to lead to such targeting
[78,85–87]. Functional data linking the enzymatic activity of plastid
ERAD components to protein import is emerging (Agrawal, van Dooren
and Striepen unpublished). It is interesting to note in this context
that plastid-speciﬁc deubiquitinases have also been reported in P.
tricornitum [85,87]. The precise role of ubiquitination in the scheme
of import in complex plastid remains to be fully deﬁned.
The current evidence strongly supports a model of protein import
across the PPMof red lineage complex plastids based on the remodelingof the symbiont's ERAD machinery. In stark contrast, data emerging
from complex plastids of the green lineage chlorarachniophyte, so far
fail to detect ERAD duplication and retooling in these organisms [63].
Genes for ERAD components are absent from the nucleomorph genome
of the chlorarachniophyte B. natans [64]. Furthermore, Hirakawa and
coworkers could only detect two homologs of Der1 in the nuclear ge-
nome of this alga (in contrast to four homologs found in the genomes
of organisms with complex plastid of red origin), and both were
shown to reside in the ER [63]. The machinery mediating import
through this membrane in complex plastid of the green lineage re-
mains an enigma.
Two recent studies have applied broad bioinformatics screens to
identify additional PPC proteins [56,85]. Recently we have identiﬁed
two new T. gondii PPC proteins that are conserved among the red algal
lineage and encoded in the nucleomorph genomes of cryptomonads
[56]. One of those, PPP1 was also localized to the PPC of the diatom P.
tricornutum [85]. Interestingly, like the symbiont ERAD components,
PPP1 have no homolog in the nucleomorph of B. natans or in the nuclear
genomes of organisms from the green lineage [56]. Mutation of TgPPP1
resulted in a loss of apicoplast protein import leading to apicoplast
demise and ultimately to cell death. Overall the phenotype of these
mutants is reminiscent of that found for the TgDer1mutant [56]. Exactly
how PPP1 integrates into the ERAD model of crossing the PPC awaits
further clariﬁcation.
Moog and coworkers utilized the available data on PPC targeting
to construct a search for PPC proteins encoded in the genome of P.
tricornutum [85]. They then conﬁrmed the localization of these hits as
well as previously proposed PPC protein candidates using GFP fusions
for in vivo localization [85]. This generated a map of PPC components
indicative of its functions in P. tricornutum, and unraveled more candi-
date proteins likely involved in ERAD mediated import [85].
5.3. The outermost membrane—getting to the organelle
Finding and crossing the outermost membrane of complex plastids
appears to occur via different mechanisms in different organisms. This
may be a consequence of the initial uptake of the symbiont. A clear
difference in the route to the organelle is found when comparing
three and four membrane bounded plastids (Fig. 1 white arrows).
In dinoﬂagellates and euglenids the third outer membrane represents
the ﬁrst barrier on the way into the plastid. Euglenid and dinoﬂagellate
plastids are of independent origin [88], yet both groups appear to have
evolved similar transport mechanisms. This might suggest that in this
case the overall structure of the organelle dictates the import pathway.
In both systems plastid proteins are cotranslationally inserted into the
ER, from where they move to the Golgi, where they are packed into
vesicles delivering them to the outermost plastid membrane upon
fusion [50,52,89]. Interestingly in euglenids such vesicles were shown
to fuse with the plastid in a manner that is independent of SNARE
proteins [90].
In contrast in cryptophytes, haptophytes and heterokonts, the
plastid resides within the ER and its outer membrane is decorated
with 80S ribosomes. In this case import of proteins into the ER accom-
plishes the crossing the outermost plastid membrane [91]. Again this
may be a consequence of the mechanism of plastid acquisition. This
membrane may have evolved by fusion of the symbiont-containing
compartment with host ER [92]. An alternative model could invoke
a more immediate role for the ER in the endocytotic uptake of the
symbiont [93].
Apicomplexa possess a four membrane bounded plastid for which
no permanent connection with the ER have been detected thus far.
Our understanding of the mechanisms involved in trafﬁcking to the
outermost membrane of the apicoplast is limited. The transport of
apicoplast targeted GFP reporters was shown to be resistant to the
action of the fungal toxin Brefeldin A, a potent disruptor of the Golgi
apparatus [37,94]. This may indicate direct ER to apicoplast transport,
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Evidence from electronmicroscopy and tomographic studies suggested
that the ER and apicoplast come into close contact, which may reﬂect
functional interaction relevant for import [22,95]. Alternative to the di-
rect contact model, vesicles may shuttle apicoplast proteins from the ER
while side stepping theGolgi. Several groups have shownvesicles around
the apicoplast using light and electron microscopy [57,59,69,96]. In T.
gondii mutants with apicoplast import defects such vesicles become
even more apparent, perhaps due to a “trafﬁc jam”. Recent ﬁndings re-
port the presence of phosphatidylinositol 3-monophosphate (PI3P) in
the apicoplasts of both P. falciparum and T. gondii [97,98]. Interference
with PI3P in T. gondii through drug treatment or the overexpression of a
heterologous PI3P binding proteins leads to profound and complex
plastid biogenesis defects [98]. Interestingly, as in the case of protein
import defect, these PI3P mutant parasites also show accumulation of
vesicles around the apicoplast [98]. The role of PI3P in the regulation
of endosomal trafﬁcking is well established [99], and the observation
of PI3P in the apicoplast suggests a potential connection between the
apicoplast and the endosome. The precise mechanistic role of PI3P in
this process remains to be deﬁned.6. Summary
Recent years have seen dramatic advances largely driven by genome
analysis. There is now robust support for a model that invokes distinct
translocon complexes that transport cargo proteins across subsequent
membranes. There is also the understanding that both host and
endosymbont adaptations contributed to the establishment of stable
protein import. Themechanismused to trafﬁc nuclear encoded proteins
to complex plastids of similar structure appears conserved. While TIC
and TOC still remain the unchallenged guardians of the two inner
mostmembranes, evolutionmight have taken diverging routes through
the other membranes, exploiting different mechanisms depending on
the origin and structure of the speciﬁc plastid organelle.
While the data collected combine into amap of transloconsmarking
the way of proteins into the plastid stroma, numerous mechanistic
questions remain. Speciﬁcally, how these targeting machineries distin-
guish stromal proteins from those destined to the outer compartments.
How the trafﬁcking of membrane proteins differs from soluble proteins
also remains to be uncovered.Acknowledgments
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